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Abstract 
The widening value formulas of continuous bends currently in use cannot meet the requirements of the practical 
engineering because the values of them are far less than the realistic situation needs. Based on the method of combing 
the generalized open channel flow model of continuous bends with the experiment of small-sized ship model, and in 
accordance with the experimental data and the precursors' experience, two of the channel widening value empirical 
formulas are obtained, which can respectively used in the upper bend and the lower bend of the continuous bends 
according to the length of the transitional linear segment sufficient or not. 
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1. Introduction 
The required navigation channel width of ships or fleets sailing in continuous bends is much greater 
than that in straight channel, because of the impact of the water flow patterns and the constraints of the 
plane configuration of the continuous bends. So it's necessary to widen the navigation channel width in 
the section of the continuous bends to ensure the safety of navigation when the ships or fleets sailing in 
the area.  
There are many factors affect the widening values of navigation channel bend. Such as the bend radius, 
the length of ship, the navigation channel width, the ship's speed in static water, the water flow velocity, 
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the central angle of bend, the water depth [1] and so on. Among them, the bend radius, the length of ship 
and the width of navigation channel are the main factors [2]. In fact, the effects caused by the water depth, 
the central angle of bend and the water flow velocity cannot be ignored either. The experimental results 
show that the change of the water depth has a significant effect on the changing range of navigation 
channel widening value, and the factors of the water flow velocity and the central angle of bend also have 
obvious impact on it. For the continuous bends, the length of the transitional linear segment which 
reversely connects the upper and lower bends is also a very important factor. On the one hand, the length 
of the transitional linear section has a great impact on the strength of the circulation in the lower bend, 
which emerges in the upper bend [3]. As a result, the drift angle and the drift distance of ships or fleets 
will be affected more or less. On the other hand, when the length of the transitional linear section is 
insufficient, the ships or fleets can not be ready for adjusting the gesture in time for navigation when 
sailing from the upper bend to the lower bend, so larger rudder angles and drift angles of ships or fleets 
will be caused. Therefore, the ships or fleets need greater navigation channel width in the lower bend than 
in the upper bend when sailing downstream in the continuous bends. This shows that, due to the impact of 
the length of the transitional linear segment, the widening values in the upper and the lower bends of the 
continuous bends are quite different. In short, it is complex to establish the formula of widening value of 
bend due to lots of factors. Only when considering the factors comprehensively, can the values calculated 
by empirical formulas be closer to the actual situation's widening values. 
However, the formulas of widening value recommended currently by the "Standard" [4] and 
"Specification"[5-6] only take the factors of the bend radius, the length of ship and the channel width into 
account, without considering the other factors. Also, the values calculated by the formulas mentioned 
above are smaller than the practical engineering needs [7]. 
In view of all these reasons above, it is necessary to make further study on the formula of widening 
value and to optimize the formulas recommended by the "Standard" [4]and "Specification"[5] [6]. Only in 
this way, can the formula of widening value for continuous bends be obtained and the widening values 
can be more suitable for the realistic situation, and can also   meet the requirements of practical 
engineering.  
2. General situation of experiment [8] 
2.1. Flume design 
 
Fig.1. Schematic diagram of the overall layout of the model 
The experiments of continuous bends flow had been accomplished in the Port & Waterway Test 
Center, School of Hydraulic Engineering, Changsha University of Science &Technology. The models 
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utilized by the tests are continuous bends which are generalization models, and the water flow of the 
model was designed by the gravity similarity criterion. The water flow was controlled by the triangle weir 
in the upstream, and the water level was controlled by the tailgate in the downstream. To avoid being 
interfered by the turbulent flow from the entrance, there were a total of several perforated walls to be set 
in the linear segment of the entrance and the outlet, a length of 5.0m transitional section was set there, too. 
Three models had been designed for the test. Each model has two reverse bends with the same 
characteristic parameters and they have the same transitional linear section respectively between the two 
bends. The central angles of the bends for the three designs are 60°, 90°, 120° respectively. The 
length of the three transitional sections are all 1.40 m, and the radius length of each bend was 4.80 m. The 
concrete surface of the models is smooth, and the cross-section of the models is trapezoidal. Each 
trapezoidal cross-section has the same characteristic parameters specifically, and the bottom width is 
0.6m, the height is 0.30 m, the slope coefficient is 2, and the gradient of the flume bottom is 0.15‰. The 
model layout is shown in Fig.1.  
2.2. Design and making of ship model 
In view of the "Inland Waterway Standard"[4] currently in use, there are some defects existing in the 
channel dimension corresponding to the self-propelled barge of channel grade Ⅲ, so a kiloton self-
propelled barge model was chosen in this experiment. The self-propelled barge model was made 
according to the requirements of the "Specification of Flow and Sediment Simulation in Inland Channel 
and Port "[9]. The ship model's displacement, the center of gravity in horizontal plane of the ship model, 
and the ship model's draught in the static water were similar to the real ship by loading carefully. When 
the ship model had been accomplished, do the scale-effect correction to make sure the model’s 
maneuverability was similar to the real ship’s , according to the existing results of the ship model which 
has the similar scales to the model used in this experiment. The ship model's speeds in static water, which 
were calibrated by test of direct navigation and were set to 3.5m/s (following the current) and 4.5m/s   
(against the current)  (All the physical units have been converted to prototype value in this paper), and the 
left and the right maximum rudder angles of the ship model were limited to 25° 
3. Measuring equipment and experimental contents 
When measuring the flow field, we used the VDMS system to realize the realtime images’ automatic 
collection and tracking; we used the measuring pin whose precision is 0.01mm to measure water level; we 
obtained the ship position of the ship model during navigation process by the means of real-time 
collecting the white particles installed on the bow and stern by the camera, and we calculated the ship’s 
navigation parameter such as velocity and drift angle relative to the shore with the help of ship model 
post-processing software; we obtained the  rudder angles by using the wireless module installed on the 
ship and the receiving instrument of rudder angles synchronously with the former;  at last, we checked the 
ship position collected by the system with the actual position, and the measurement accuracy should meet 
the test requirements. The mean velocity of the channel section in this experiment should be 0.5, 1.0, 1.5, 
2.0 m/s. Having considered the shallow water effect when encountering the shallow water, according to 
“Channel Engineering Manual” [5], we confirmed the ratio of testing water depth to draft at h /T≥3.0. We 
made several groups of flow experiments for each flume, among them, the velocity of 2.0m/s was used 
the most (Because the biggest surface velocity for navigation ruled in the standard is 2.0m/s). In each 
condition, the ship model sailed downstream and upstream respectively along the axis of the channel. 
4. Experimental results 
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According to the purpose of the experiment, we designed two groups of testing programs: in the first 
group, the flow velocity was 2.0m/s, under different conditions of water depth, there were several 
schemes that corresponding to three conditions whose angle of the channel bends of the upper and the 
lower were 60°, 90°and 120°respectively; in the other group, the water depth was 7.5m, under 
different conditions of velocities, there were several schemes that corresponding to three conditions 
whose angle of channel bends of the upper and the lower were 60°, 90°and 120°respectively. 
Because of the limited length of this article, so we haven’t listed the specific data. 
To optimize the empirical formula of widening value of bend, we considered more of the factors which 
affect the drift angle---such as the bend radius, the length of ship, the width of channel, the velocity of the 
ship relative to the shore, the velocity of the ship relative to the static water, the water depth, the central 
angel of bend, and so on. On the basis of the data of the results, and according to the experimental 
phenomena and assumption from experience, we obtained the formula of widening value by using the 
dimensionless method which should tackle the ratio of the ship speed relative to the shore to the ship 
speed relative to the static water and tackle the ratio of the water depth to the ship draught. The formula of 
widening value shows as follow: 
                                   
2
* *
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Where, R is the radius of the bend; L is the length of the ship; b is the bottom width of the straight line 
segement of the channel; bV  is the navigation velocity relative to the shore; Vs  is the ship speed relative 
to the static water; T is the ship draught;   is the central angel of channel bend, measured with radian; h 
is the water depth;  ,  ,  and   is undetermined coefficients. 
Analyzing the test data by relevant software, we get the upper and the lower bends’ widening value 
formulas as follows:  
The upper bend’s:        
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0.31.8* *
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The lower bend’s:        
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Through the relevant calculation, the correlation coefficient R of the calculation values calculated by 
widening value formula and the actual measured values is 0.966, and the sample determination coefficient 
2R is close to 1. From the sample determination coefficient point of view, the regression equation has a 
high correlation. It shows that the formula (2) and the formula (3) both can well characterize the 
relationship between the widening values and the relevant factors. 
5. Discussion  
When the mean flow velocity of channel section is 2 m/s, the experimental results show that the 
required navigation channel width and the corresponding widening value of ship increase with the 
increase of water depth and the central angle of bend; when the water depth is constant, the bend 
widening value increases with the increase of the central angle of bend, and the water depth has greater 
influence than the central angle of bend on the widening value of bend. When the transitional linear 
segment length ( 140m ) is insufficient, in the cases of three different central angle of bends, the upper 
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bend’s widening values are less than the lower bend’s. 
    When the water depth is fixed at 7.5m, the test result shows that the required navigation channel width 
and the corresponding widening value of ship increase with the increase of the velocity of flow; when the 
flow velocity is constant, the bend widening value doesn’t increase obviously with the increase of the 
central angle of bend. When the transitional linear segment length ( 140m ) is insufficient, in the cases of 
three different central angle of bends, the upper bend’s widening values are less than the lower bend’s. 
Judging from the magnitude of changes of widening value, the factor of water depth’s influence on the 
widening value of bend is greater than the other factors’. 
Overall, the required width for navigation and corresponding widening value increase with the growth 
of water depth, water flow velocity and the central angle of bend.  When the length of transitional linear 
segment is insufficient and  the flow velocity is constant, the ship's required width for navigation in the 
lower bend is greater than in the upper bend with the growth of water depth; When the length of 
transitional linear segment is insufficient and the water depth is constant, the ship's required width for 
navigation in the lower bend and in the upper bend is almost the same. The difference between the 
widening value formulas of (2) and (3) basicly reflects the effect of the length of transitional linear 
segment on the widening values in the upper bend and in the lower bend: when the length of transitional 
linear segment is sufficent, the upper bend and the lower bend  equivalent to be independent, so the 
widening values in the upper bend and in the lower bend are almost the same, and the values can be 
determined by the fomular (2) ; when the length of the transitional linear segment is insufficent, the ship 
state can be affected by it, which causes the widening value in the lower bend to be greater than in the 
upper bend, and the widening value in the lower bend must be determined by the formula (3) . 
6. Conclusion  
In this paper, by utilizing the small-scaled ship model we research the correlation between the required 
width of bend for navigation and the factors, such as the length of transitional linear segment, the water 
depth, the flow velocity, the central angle of bend, and so on. Based on the experimental results and the 
precursors’ research experience, the channel widening value empirical formulas are obtained finally, 
which belong to the upper bend and the lower bend of the continuous bends respectively. According to 
the experimental results we find that the widening value of bend for navigation increases with the growth 
of the water depth, the water flow velocity and the central angle of bend, but declines with the growth of 
the length of transitional linear segment. When the length of transitional linear section is sufficient, the 
widening values in the upper bend and lower bend are the same which can be determined by the formula 
(2); when the length of the transitional linear segment is insufficient, the widening value in the lower 
bend will be greater than that in the upper bend, and the widening value in the lower bend must be 
determined by the formula (3). The inadequacies of this study are: first, the number of the designs for 
researching the effect on the widening values caused by the changes of the different lengths of transitional 
linear segment is not enough; second, the length of the transitional linear segment has not been introduced 
as a factor to the present formulas. Therefore, it is necessary to make further study on the issue of effects 
on the widening value of bend caused by different lengths of the transitional linear segments. 
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